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ABSTRACT 
In this study, we report the mechanical properties and fracture mechanism of pre-cracked and defected InSe 
nanosheet samples using molecular dynamics (MD) simulations. We noticed that the failure of pre-cracked 
and defected InSe nanosheet is governed by brittle type fracture. Armchair directional bonds exhibit a 
greater resistance for crack propagation relative to the zigzag directional ones. Thus, fracture strength of 
the pre-cracked sheet is slightly higher for zigzag directional loading than that for armchair. We evaluated 
the limitation of the applicability of Griffith’s criterion for single layer (SL) InSe sheet for nano-cracks as 
the brittle failure of Griffith prediction demonstrates significant differences with the MD fracture strength. 
We inspected the effect of temperature on the mechanical properties of the pre-cracked samples of SLInSe. 
We also discussed the fracture mechanism of both defected and pre-cracked structure at length. 
 
1. INTRODUCTION 
Graphene, the first 2D material fabricated in 2004 has engendered a new era in material science [1]. 
Graphene demonstrates different extra-ordinary properties like atypical quantum Hall effect [2], 
outstanding crystal quality[3], higher electron mobility [4], superconductivity [5], etc. which makes it 
eligible for a large area of application. These outstanding properties of graphene made researchers and 
scientists much more enthusiastic to search for and fabricate other 2D materials as well. As a result, a bunch 
of graphene analogues such as Silicene [6], Germanene [7], Hexagonal boron nitride [8], etc and a numerous 
number of 2D material groups i.e. Transition Metal Dichalcogenides (TMDCs) [9], 2D pnictogens [10], etc  
were discovered over the past few years. Recently, a novel TMD, Indium Selenide (InSe) has been 
exfoliated from bulk InSe to atomic thick layers [11][12]. 
Exfoliated InSe is a van-der-Waals layered III-VI metal chalcogenide with an atomically smooth surface 
and high thermal stability up to 660°C [13]. This is also stable under ambient conditions as no 
decomposition in air is observed [14]. According to density functional theory(DFT), bulk InSe has a band 
gap of about 0.41 eV [15] which can be transformed into an indirect semiconductor when exfoliated to 
monolayer or a few layers, accompanied by a large increase in the band gap [16] which overcomes the 
disadvantage of graphene whose bandgap is zero [17]. Its  proven high mobility [13][18] makes it eligible 
for application of Field effect transistors. Moreover it shows highly promising optoelectronics properties 
like photo sensor[19], high responsivity photodetector (450–785nm),[20][21][22] etc. Besides, first-
principles calculation indicates that piezoelectric coefficient of InSe sheet is of same magnitude compared 
to other 2D materials, which open the possibility for this monochalcogenide semiconductor to integrate 
elcetromechanical and optical sensors on the same material platform [23]. 
These fascinating properties have motivated researchers to continue more investigation on this material. As 
a result, many studies have been performed to understand its structural stability [14], electronic structure 
[24][16], photoluminescence [25], and surface photovoltaic effect [25] through the methods such as 
magnetic field [26], controllable oxidation [27], high pressure [28] and so on. As uniaxial strain can tune 
the optical and electronic properties of monolayer InSe [29], recently, an MD study has been carried out by 
Chang et al. [30] to investigate the influence of temperature and strain rate on the mechanical properties 
and fracture process of monolayer InSe. However, from the applications of monolayer InSe, it is evident 
that frequent exposure to higher temperatures and unfriendly chemical environment make it susceptible to 
the evolution of defects [31][32]. Moreover, in real-life manufacturing process, there might be some 
inherent structural defects. These defects are an integral part of the structure and are inevitable. Sometimes 
these defects might be introduced to the structure willingly to control the electrical, mechanical, and 
optoelectrical properties [33,34]. Thus, it is essential to inspect the impact of defect, and crack in the InSe 
nano-sheet to find out their mechanical responses. To our best knowledge, there is hardly any MD study 
regarding the defected, and pre-cracked structure of SLInSe. 
In this work, we studied the mechanical properties of SLInSe with existing defects, and cracks. Here, we 
have considered point defects of various concentrations and observed how these affects the stress-strain 
relationship. We incorporated pre-cracks of length from ~2.5 nm to ~5.4 nm and stress-strain relationship 
is obtained. Calculated fracture stress is then compared with the Griffith’s theory. We have also investigated 
the temperature dependency of fracture strength of SLInSe with fixed initial defects. The simulations are 
carried out at different temperatures ranging from 1K to 600K. The fracture mechanism of the defected 
structures is investigated in detail. 
 
2. METHODOLOGY 
 
We generated 30nm x 30nm SLInSe sheets using MATLAB script [35]. The total number of atoms is 
around 25000. The covalent bond between In and Se atoms gives rise of a honeycomb array in xy plane. 
The three important parameters- lattice constant, the bond lengths for In-Se and In-In are 4.09 Å, 2.69 Å 
and 2.82 Å respectively [36]. The effective thickness of the sheet is 8.32 Å [37]. We used Atomsk software 
[38] to create single vacancy, bi vacancy, and varied defects concentration by arbitrarily removing atoms. 
With the previous studies, it is evident that in order to avoid size effects of finite dimension, the minimum 
dimension of nano-sheet must be more than ten times the half crack length [39][40]. Here, five cracks of 
different lengths (approximately ~ 2.5 nm, ~ 3.3 nm, ~ 4.1 nm, ~ 4.8 nm and ~ 5.4 nm) were placed by 
deleting atoms in the center of the nanosheet both in armchair and zigzag direction with the help of OVITO 
[41] software to study the effect of crack length on the fracture strength of InSe nanosheet. 
 
 
Fig. 1. SLInSe (a) Top view (b) side view. Red, and blue colors represent Se, and In atoms accordingly. Armchair direction is aligned with the x-
axis and the zigzag direction with the y-axis 
We employed Molecular Dynamics (MD) simulation to study the mechanical properties and the fracture 
mechanism of SLInSe. All simulations were performed using LAMMPS [42] software package. Periodic 
boundary condition is applied in the planar direction (x and y) which eliminates the finite-length effect; z-
direction is kept non-periodic. Time step is selected to be 1 fs. Initially, energy minimization of the 
structure is ensured using the conjugate gradient (CG) algorithm. After the energy minimization, the 
structure is relaxed using isothermal-isobaric (NPT) ensemble for .1 ns at a specific temperature by using 
the Nosé–Hoover algorithm. Afterwards canonical (NVT) ensemble is used for .1 ns at the same 
temperature. The damping constants selected are .5 ps for pressure in both x and y direction and 10 ps for 
temperature. Here, we select the constant axial strain rate 109 s-1. Apparently, this strain rate is much 
higher compared to the experimental studies, but many contemporary studies use the strain rate of similar 
range [43][44]. With constant strain rate the simulation box is deformed and average stress is quantified 
over the structure. Here, stress is calculated using the measurement of virial stress. The relationship used 
to calculate the virial stress is [45]: 
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Here, Ω is the total volume occupied by the atoms of the system, 𝑚𝑖 represents the mass of atom i, ?̇?𝑖 is the 
time derivative representing the displacement of an atom with respect to a reference position, 𝑟𝑖𝑗 represents 
the position vector of an atom, 𝑓𝑖𝑗 is the interatomic force applied on atom i by atom j, and ⨂ symbol 
represents the cross multiplication. As the stress is calculated without considering the actual thickness of 
the structure, so for simplicity N/m is used instead of Pa unit. 
Engineering strain can be calculated using the following formula: 
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where, 𝑙0 is the initial length and l is the instantaneous length of the simulation box.  
Atomic interactions in this study were described by the Stillinger-Weber (SW) potential [46]. There are a 
two-body term and a three body term in SW potential expressing the bond stretching and bond breaking 
accordingly. The mathematical expressions are as follows: 
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Here, V2 and V3 denote the two-body bond stretching and angle bending terms respectively. The terms rmax, 
rmax ij, rmax ik mention cutoffs. Angle between two bonds at equilibrium configuration is indicated by θ0. A 
and K are energy related parameters which are established by Valance Force Field (VFF) model. B, ρ, ρ1, 
and ρ2 are other parameters that are fitted coefficients. Their value are obtained from ref. [46]. 
 
  
Fig. 2. Atomic structure of SLInSe (a) Crack in the armchair direction (b) Crack in the zigzag direction. Blue color represents the In atoms and 
red color represents the Se atoms. 
 
3. METHOD VALIDATION 
To validate the approach used in this study, uniaxial tension is applied both in the armchair and zigzag 
direction of the pristine sheet of SLInSe and their stress-strain relationship has been depicted in the Fig. 
3. The obtained results are compared with previous literature [30] in Table1. The comparison indicates that 
the calculated results in this study are in well agreement with the existing literature. 
 
Fig 3. Stress-strain relationship of pristine SLInSe 
 Table 1 Validation of this study with the existing one 
Mechanical 
Properties 
Current study Previous study[30] 
Armchair loading Zigzag loading Armchair loading Zigzag loading 
 
Young’s Modulus 
(N/m) 
 
 
~44.13 
 
~41.3 
 
45.7 
 
44.8 
 
Ultimate Tensile 
Stress (N/m) 
 
 
9.45 (1K) 
7.97 (300K) 
 
12.41 (1K) 
8.43 (300K) 
 
~9.8 (1K) 
8.6 (300K) 
 
~12 (1K) 
8.3 (300K) 
 
Fracture Strain (%) 
36.2 (1K) 
23.3 (300K) 
43.3 (1K) 
27.7 (300K) 
~36 (1K) 
24.45 (300K) 
~44(1K) 
26.86 (300K) 
 
 
 
4. RESULTS AND CALCULATIONS 
4.1 Effect of Point Defect Concentration  
Intrinsic structural defects can cause severe damage to the elastic properties of the material. Synthesized 
InSe monolayer might have some inherent defects [47] too. Here, we studied the effect of change of point 
defect ratio in the sheet by deleting atoms arbitrarily. We have also calculated the error involved in this 
calculation by performing four different simulations at the same concentration with random atom removal 
and the possible error that might be present is shown using bar graphs in Fig. 5. We varied the concentration 
of point defects from 1% to 5% in the structure to observe the change in stress-strain relationship (Fig. 4). 
The study suggests that as the defect concentration increases, the fracture strength reduces along with the 
elastic modulus. The reduction of fracture stress, strain and elastic modulus in armchair and zigzag direction 
for altering defect ratio from 1% to 5% is ~33%, ~16%, ~12%, and ~34%, ~19%, ~19.5%, respectively. 
Since the vacancy defects always perform as the nucleation points of fracture, occupancy of defects at 
dispersed and copious locations in the sheet enhances the possibility of creating crack at those points [48]. 
Thus, the material integrity lessens [49].  
.  
    (a)                                                                (b) 
Fig. 4. Stress-strain relationship for pore concentration when the loading is in (a) Armchair direction (b) Zigzag direction 
 
                                                (a)                                                                                        (b) 
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Fig. 5.  Alteration of (a) fracture strain, (b) fracture strength, and (c) elastic modulus of SLInSe with the variation of defect concentration. Bar 
graphs shows the errors involved in the randomness of atoms deletation. 
4.2 Stress-strain relationship for different crack lengths: 
For pre-cracked sheet, strain is provided in the perpendicular direction of the cracks (armchair tension for 
zigzag directional crack and vice-versa). Fig. 6 shows the stress-strain relationship of SLInSe with pre-
fabricated crack under uniaxial tension at 300 K. It shows that the fracture strength and strain of pre-cracked 
InSe sheet crucially depends on the crack length. This is because stress localization intensifies around the 
crack tip as the crack length increases [50]. Thus, material properties such as ultimate stress and failure 
strain degrades. When pre-fabricated crack is present in the structure the material fails at a lower strain 
compared to the pristine structure and the fracture strength is also reduced. Although the strength reduces 
as the pre-crack length increases, the linear regime possesses an almost constant Young’s modulus of 43 
N/m in armchair directional loading and 42 N/m in zigzag directional loading. As the Young’s modulus is 
almost equal in both the armchair direction and in the zigzag direction, it indicates isotropic behavior [30] 
of the material but the fracture strength depends on the direction of loading. It can be noted that the armchair 
directional crack shows more resilience than their zigzag counterpart. It is mainly due to their crack 
propagation path which has been discussed in details in the fracture mechanism section. Fig. 7 shows the 
comparison between the armchair and zigzag directional fracture strength and strain.    
    
 (a)                                                                            (b)  
Fig. 6. Stress-strain relationship of SLInSe with initial crack of different lengths when the crack is in (a) Zigzag direction (b) Armchair direction 
at 300 K 
 
 
(a) (b)  
Fig. 7. Change of (a) Fracture stress (b) Fracture strain with initial crack length 
 
4.3 Comparison of MD study with Griffith’s Theory 
Here we considered structures with initial cracks at the center of the monolayer InSe sheet and a0/ω0<0.1, 
where a0 denotes initial half crack length and ω0 denotes initial half sheet length in crack direction, depicted 
in Fig. 8.  
 
 
Fig. 8. Top view of pre-cracked SLInSe when the crack is in (a) zigzag direction (b) armchair direction (c) buckling height 
 
We compared our calculated fracture stress from MD with Griffith brittle fracture strength. Fig. 9 indicates 
the comparison between the evaluated fracture stress from MD and the result from Griffith’s Theory and 
how they vary with the normalized half crack length [51]. From Griffith theory of brittle fracture [50]: 
 
𝝈𝒇 = √
𝟐𝜸𝒀
𝝅𝒂𝟎
 
    (6) 
 
Here, 𝜎𝑓 is the fracture stress of the monolayer sheet with pre-crack, 𝛾 is the surface energy and Y is the 
Young’s modulus calculated from the MD simulation. The surface energy is calculated from the difference 
of energy between periodic and non-periodic structure in planar direction. 
Equation (6) can be rewritten as: 
The left side of the equation is termed as fracture toughness and √2𝛾𝑌 is material dependent. 
Griffith theory assumes brittle fracture within completely continuum and elastic framework and developed 
for bulk materials. Nevertheless, InSe has discrete atomic structure, and its bonds are also stretchy. As a 
result, alteration in edge energy in InSe nano-sheet and flexible nature of bonds eventually result in the 
variation of fracture stress. 
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                       (a)                                                 (b) 
Fig. 9. Variation of fracture stress with the normalized half crack length estimated by Griffith’s Theory and MD simulation when the crack is in 
(a) armchair direction (b) zigzag direction 
 
4.4 Stress-strain relationship for different temperature 
Temperature is a key factor to drive the structural properties of a material and 2D materials might encounter 
the threat of temperature during their real-life applications. Thus, it is essential to study the impact of 
temperature on the mechanical properties of the material. Keeping constant crack length of 4.1 nm, we 
checked the influence of temperature on the InSe nano-sheet. The stress-strain relationship has been 
constructed and shown in Fig. 10(a), (b). We varied the temperature by 100 K from 1K to 600K. Increase 
in temperature deteriorates all the material properties for instance fracture strength, strain, elastic modulus 
and toughness shown in Fig. 11. The fracture strength, strain, elastic modulus and toughness lowers around 
~25%, ~21%, ~5%, ~36% along armchair direction and ~29%, ~26%, ~5%, ~44.5% along zigzag direction 
for the increase of temperature from 1 K to 600 K accordingly. The change in elastic modulus is almost 
linear with the changing temperature. Escalation in temperature bolsters higher atomic movements and 
emboldens the thermal vibrational instabilities. Therefore, the material becomes softer and increased 
thermal vibration assists some bonds exceeding the critical bond length earlier and initiating pre-mature 
failure. Furthermore, high temperature is the source of higher entropy in the material which also accelerates 
the crack propagation. For this reasoning, material strength weakens too[52]. 
  
(a)                                                                             (b) 
Fig. 10. Stress-strain curves of SlInSe showing the temperature dependency when the strain is subjected to (a) armchair direction (b) zigzag 
direction 
 
 
 
                            (a)                                                              (b)           
                                         (c)                                                                                  (d) 
Fig. 11. Temperature dependency of (a) Fracture stress (b) Strain(c) Elastic modulus and (d) Toughness 
 
4.5 Fracture mechanism 
We investigated the fracture mechanism of defected and pre-cracked samples of InSe monolayer using 
OVITO visualizing tool. Both of the samples demonstrate almost similar crack propagation scenarios based 
on the direction of applied strain. The crack propagation mechanism is different for the armchair direction 
relative to zigzag direction. In the armchair direction four inclined bonds are present symmetrically. When 
a crack forms after nucleation in case of defected sheet and the crack starts to propagate, these bonds provide 
two potential crack propagation paths (±60° with x direction). That is why branching phenomenon is 
observed in case of armchair directional crack propagation [Fig. 12 a(ii), b(ii)]. However, for the crack in 
zigzag direction, only two bonds are present at the crack tip at a 90° angle. So, when the crack emerges or 
exits, it only experiences the elongation of the initial one [Fig. 12 a(i), b(i)]. Thus, no branching occurs here 
in case of zigzag crack[53][54]. Because of this particular feature, the fracture strength in the zigzag 
direction loading is found to be higher than that in the armchair direction of the monolayer InSe nano-sheet.      
  
 
Fig. 12. Crack propagation and distribution of stress in (a) pre-cracked structure (b) point defected structure along (i) armchair (x-axis) (ii) zigzag 
(y-axis) directional loading. The color bar demonstrates the stress in N/m and the arrows indicate the loading direction 
 
5. CONCLUSION 
In summary, we employed MD simulations to find the mechanical and the fracture properties of SLInSe 
sheet with defects. Not only pre-cracks of different lengths are considered but also point vacancy and bi-
vacancy defects in the structure are studied. Moreover, we executed simulations at different temperatures 
keeping a fixed crack in the structure. From the results, it is observed that increasing defect density heavily 
exacerbates material properties. Lengthening crack in the structure also reduces the fracture properties of 
the material although elastic modulus remains almost analogous. Nevertheless, Griffith’s prediction 
displays substantial differences from the fracture stress evaluated by MD study, signifying the limitation of 
the model at the nanoscale. Temperature plays a vital role on the material. Failure stress, strain, elastic 
modulus, and material toughness all diminishes as the temperature escalates. Fracture mechanism reveals 
that armchair directional crack can sustain more than that for zigzag directional one. Thus, fracture stress 
and strain are greater in zigzag directional tension than that of armchair direction as the crack propagate in 
the perpendicular direction of the loading.  
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